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The magnetic properties of many alloys are described in terms of magnetic polarization clouds. This is true in particular of dilute alloys of magnetic atoms in strongly exchange-enhanced hosts and of concentrated but magnetically dilute alloys of Ni in nonmagnetic hosts. In such alloys the locally averaged magnetization density is observed by diffuse neutron scattering to fall off as a Yukawa function away from the center of a polarization cloud. We present numerical calculations which confirm this Yukawa form and present an approximate theoretical derivation which gives a formula for the inverse range K of a polarization cloud in an alloy in terms of the uniform exchange-enhancement factor a and the band susceptibility r (q) for the alloy. Assuming ferromagnetism in such alloys to arise from percolation amongst the polarization clouds, we also derive a relationship between the critical concentration c~r' of polarization clouds for the onset of ferromagnetism and the average magnetization ft~r and inverse range Ker of those clouds. This relationship is found to be in good agreement with experiment. Approximate calculated values of c~r , ft *, and K are presented for two cases. The effects of chemical ordering and clustering are considered briefly.
PACS numbers: 75.1O.Lp
I. THE SHAPE AND RANGE OF MAGNETIC POLARIZATION CLOUDS
Upon neglecting interatomic Coulomb and exchange interactions, the local linear magnetic susceptibility of an alloy is given within the RP A by the equation, and r ik , which depend on magnetization, being modified self-consistently by field-induced charge-transfer effects. Also, the conclusions to be drawn in this paper are essentially independent of the particular approximations made in obtaining Eq. (4), as should be clear from the following analysis. It follows immediately from Eq. (4) that in the approximation oflinear response, the induced moments in a magnetic polarization cloud are given by the equation
Upon replacing the real alloy by a translation ally invariant effective medium except in the small nucleating core of the polarization cloud and defining the quantity
where u and Fil are the values of u, and ril in pure effective medium, one finds the result,
k , where the sum over I extends only over the nucleating core. For alloys such as Pd Fe and Pt Fe, the effective medium is the pure host metal and the nucleating core is a single Fe atom.
We have used Eq. (7) to calculate the ratio fto 1ft!, for a single magnetic impurity in Pd as a function of shell number n about the impurity for the first 25 shells (13.75 A). For all seven sets of values of r ik used, we found agreement within ± 3% of the Yukawa form
Our results for two sets of values of r ik are shown in Fig. 1 ; the multiplicity of values of lin for some values of n arises from the existence of two or more inequivalent types of sites for the same n. We have also calculated!,2 the magnetization induced in Pd by different compact magnetic clusters of Ni atoms. The use ofEq. (7) yielded almost identical results; the use of a more sophisticated theory! which takes nonlinearities fully into account in a self-consistent manner gave the same results for distances r 0 ~ 6 A, and, as is shown in Fig. 2 , similar results for r n < 6 A but with greater scatter and with noticeable saturation effects for r 0 :S 3 A from the center of the Ni clusters. The Yukawa form (8) was originally derived by Om- stein and Zernike 3 for the pair correlation function in PVT systems near the critical point. That derivation is easily generalized so as to apply to the magnetic susceptibility X (r) of an isotropic, homogeneous ferromagnet above the Curie point and may be made more precise by the use of Landau theory.4 One finds the result where K = [2c X(0)]1/2 with c, the coefficient of /VM(rW in the Landau expansion of the free energy, being approximately independent of temperature and not varying nearly as rapidly as X (0) with the degree of exchange enhancement. Now, Fourier transforming Eq. (7), within the approximation of linear response one finds
where
has a q dependence which is approximately the same as that of r (q) and in the limit of strong exchange enhancement
Thus, outside the magnetic core of a polarization cloud, Eq. (8) must hold within the following four approximations: (1) the approximation of linear response, (2) the neglect offtuctuations in alloy concentration away from the cloud core, (3) the neglect of any difference between the q dependence of M(eore) (q) and r (q), and (4) the neglect of anisotropy introduced by the crystal lattice. The first approximation has been shown numerically to be valid except possibly very close to the cloud core, the second approximation is valid in taking any ensemble average, and the third and fourth approximations become exact in the limit of large exchange enhancement. The result (8) is consistent with experiment. [5] [6] [7] [8] [9] The inverse range K of a polarization cloud is easily found in terms of the enhancement factor a X(O)! r (0), and the inverse range K r of the band susceptibility r (q) by expandingx (q) in powers of q2 in Eq. (12). To first order in q2, one finds
Upon comparing Eqs. (9) and (13), one finds
Thus, polarization clouds obtain their maximum size in a nondilute alloy at that concentration at which the Pauli susceptibility achieves its maximum value, hence near the critical concentration for ferromagnetism.
II. PERCOLATION OF MAGNETIC POLARIZATION CLOUDS
By assuming ferromagnetism to arise from the overlap of nearby magnetic polarization clouds located at random, one can derive an approximate relationship between the critical concentration c~ of polarization clouds required for ferromagnetism and the average moment ,u~r and inverse range Ker of those clouds. We assume that two polarization clouds align ferromagnetically if and only if they overlap sufficiently strongly. For two polarization clouds, each having a magnetization density given by the Yukawa function
TABLE l. Experimental and theoretical values of parameters which characterize magnetic polarization clouds at the critical concentration C n for the onset of ferromagnetism; c~, is the concentration of polarization clouds, J1~, is the average total moment per cloud, K is the inverse range of the clouds, J1~, is a corrected value of J1~, which indicates the value whichJ1~, would take if the magnetization density of the clouds persisted as a Yukawa function into their nucleating centers, and fe, is the quantity given by Eq. (16) in the text which is predicted by percolation theory to be constant from alloy to alloy. and separated by a distance R, the integral of the product of the two magnetization densities is given by (15) From percolation theory, the critical distance between two polarization clouds for ferromagnetic alignment is Rer ::::::0. 82(fl /c~r)1/3, where fl is the atomic volume. At the critical concentration Mo is given by the equation (16) Thus, the critical value of I, which should be the same for all alloys, is given in terms of c~r' /1~r' and Kcr by the equation
Values of c~r' /1~r' and K cr determined from experiment are listed in Table I for all alloys for which all three values are available. Theoretically calculated values are also listed for PdNi and CuNi. In order to use the values of /1~r listed in Table I in Eqs. (15) and (16), one should first subtract out that part of the magnetization in the nucleating core of each cloud which, due to the enriched chemical composition of the core, rises above the Yukawa magnetization profile; that subtraction is small in all cases. The appropriately modified values of /1~r are listed in the fourth column of Table I under the heating /1~r' Values of ler calculated from Eq. (16) are listed in the last column. One finds that these values are remarkably constant from one alloy to another, especially considering the existence of terms in Eq. (16) which vary by more than an order of magnitude from one alloy to another. The constancy of these values strongly supports the point of view that ferromagnetism arises in these alloys from the percolation of randomly located magnetic polarization clouds. The larger value of Icr found for RhNi alloys probably arises from the formation oflarge moments on Rh atoms completely surrounded by Ni atoms. That would increase the magnetization in the region of the nucleating cores of the polarization clouds and would add to the initial rate of decay of the magnetization as one moves away from the core of a cloud, thus leading to values of both /1~r and Ker too large to fit the clouds at large distances. It is clear from Eq. (16) 
